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ABSTRACT
Recent studies have shown that the rapid onset of the monsoon can be in-
terpreted as a switch in the tropical circulation, which can occur even in the
absence of land-sea contrast, between a dynamical regime controlled by eddy
momentum fluxes to a monsoon regime more directly controlled by energetic
constraints. Here we investigate the influence of continental geometry on
such transitions. We conduct experiments with an aquaplanet model with a
slab ocean, in which different zonally symmetric continents are prescribed
in the Northern Hemisphere poleward from southern boundaries at various
latitudes, with “land” having a mixed layer depth two orders of magnitude
smaller than ocean. For continents extending to tropical latitudes, the sim-
ulated monsoon features a rapid migration of the convergence zone over the
continent, similar to what is seen in the Asian monsoon. For continents with
more poleward southern boundaries, the main precipitation zone remains over
the ocean, moving gradually into the summer hemisphere. We show that the
absence of land at tropical latitudes prevents the establishment of a reversed
meridional gradient in lower-level moist static energy and, with it, an over-
turning circulation with poleward displaced convergence zone that can transi-
tion rapidly into an angular momentum conserving monsoon regime. Impli-
cations for observed monsoons are discussed.
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1. Introduction31
The monsoon is a prominent climatological phenomenon of the summertime circulation that32
dominates the annual cycle over much of the tropics and subtropics. It brings abundant rainfall to33
regions that feature otherwise very arid winters, so its onset, strength, and variability have large34
socioeconomic impacts. All regional monsoons are characterized by rainfall largely confined in35
the warm season, with accompanying circulation changes. However, each monsoon can differ36
in its strength, extent, and onset timing depending on factors such as topography and continental37
geometry. While recent work suggests that land-sea contrast is not necessary to generate monsoons38
(Bordoni and Schneider 2008), there is no doubt that the land-sea distribution influences these39
systems in important ways, which motivates investigations of the influence of continental geometry40
on the monsoon timing and strength (Dirmeyer 1998; Xie and Saiki 1999; Chou et al. 2001).41
Over the past two decades, understanding has emerged and led to novel consideration of mon-42
soons as intimately tied to the tropical overturning circulation and associated Intertropical Conver-43
gence Zone (ITCZ). In fact, monsoons are now widely viewed as broad, cross-equatorial Hadley44
circulations that are energetically direct and export energy away from their ascending branches45
(e.g., Biasutti et al. 2018) and that project strongly on the global zonal mean (e.g., Walker and46
Bordoni 2016; Walker 2017). According to this emerging view, monsoons are a manifestation of47
the seasonal excursion of the ITCZ into the summer hemisphere subtropical continents. In this re-48
spect, theories that have been developed for the understanding of the Hadley cell and its response49
to perturbations by different forcings and on different timescales might be applicable, at least to50
some extent, to the understanding of monsoons.51
There is a rich history in using axisymmetric models to study the Hadley circulation using con-52
straints provided by the angular momentum (AM) budget. Although axisymmetric theory is ide-53
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alized, as it neglects effects of viscosity and eddies, it is able to elegantly produce tropical circu-54
lations similar to those observed using concepts of AM and energy conservation (Held and Hou55
1980; Lindzen and Hou 1988; Plumb and Hou 1992; Prive´ and Plumb 2007a). One important lim-56
itation of the dry framework with a prescribed radiative equilibrium temperature distribution often57
used in these studies (Held and Hou 1980; Lindzen and Hou 1988; Plumb and Hou 1992) is that it58
unrealistically prevents the induced circulation from interacting with and influencing the thermal59
forcing field. Also, nonlinear axisymmetric models take much longer to reach steady state than60
the seasonal timescale associated with the transient monsoon, raising questions on the applicabil-61
ity of their results to seasonally evolving circulations. To address these limitations, studies have62
progressively included the effects of extratropical eddies, which influence the energy and momen-63
tum transport in the extratropics in ways that have been shown to be nontrivial for steady Hadley64
circulations (Walker and Schneider 2006). In simulations with idealized general circulation mod-65
els (GCM) with a seasonal cycle and no zonal asymmetries, Schneider and Bordoni (2008) and66
Bordoni and Schneider (2008) showed that the rapid onset of the monsoon might be interpreted67
as a switch between a dynamical regime where the tropical circulation strength is controlled by68
eddy momentum fluxes and a monsoon regime where the strength is more directly controlled by69
energetic constraints, which causes the monsoonal cross-equatorial cell to grow rapidly in strength70
and extent. This switch can happen even in the absence of surface inhomogeneities, provided that71
the lower boundary has low enough thermal inertia. More recently, work by Geen et al. (2018)72
provides a complimentary view to the AM budget by focusing on the vorticity budget and finding73
that this transition can also be thought of as a rapid reduction in the upper-level absolute vorticity74
within the tropical circulation due to positive horizontal advection and negative vortex stretching75
tendencies.76
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An alternative framework that has also allowed for significant progress in the understanding of77
the zonally averaged Hadley cell and the ITCZ has been based on the atmospheric energy budget,78
which interprets the ITCZ response as part of the meridional energy fluxes necessary to restore79
energy balance to a given perturbation (Kang et al. 2008; Bischoff and Schneider 2014). While80
the extension of this framework to zonally asymmetric circulations, such as monsoons, remains an81
area of active research (e.g., Boos and Korty 2016; Adam et al. 2016), constraints that apply to the82
zonal mean could also prove useful to regional monsoons (e.g., Schneider et al. 2014). See Hill83
(2019) for a review of merits of and outstanding challenges in energy-based theories of monsoons.84
In this work, we want to understand how simple aspects of continental geometry influence the85
fundamental dynamics of monsoonal circulations building on more idealized work. As argued86
by recent studies (Jeevanjee et al. 2017; Collins et al. 2018), approaches in which complexity is87
increased progressively allow for understanding of fundamental dynamics in the absence of other88
complicating but poorly understood factors. Expanding on the work of Bordoni and Schneider89
(2008), we introduce continents with very idealized geometry in an otherwise aquaplanet lower90
boundary in a GCM with idealized physics. Similar approaches were taken in models with more91
realistic physics (e.g., Dirmeyer 1998; Xie and Saiki 1999; Chou et al. 2001). Here we attempt92
to fill the gap between idealized aquaplanet GCMs and comprehensive models. This study is also93
similar in spirit to the goals of the Tropical Rain belts with an Annual cycle and a Continent Model94
Intercomparison Project (TRACMIP, Voigt et al. 2016), but here we focus on just one model and95
study the response of monsoons to changes in one aspect of continental configuration (position of96
the equatorward coastal boundary).97
As demonstrated in Figure 1, the various monsoon systems around the world have different spa-98
tial extent. They also feature different monsoon season lengths; what controls the timing of mon-99
soon onset is not well understood, especially in terms of its year-to-year variability in different100
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regions. Here, we want to address the more fundamental question of how the different distribution101
of land masses around the near-equatorial region might explain differences in the climatology of102
the onset timing and spatial distribution of monsoonal rainfall. We use a three-dimensional ideal-103
ized GCM that includes important processes for the monsoon, such as seasonality and large-scale104
eddies. We aim to concentrate on simple aspects of continental geometry by focusing on the ef-105
fects of land-ocean heat capacity contrast and removing surface land hydrology, land-sea albedo106
contrasts, and topography. We expand on the work by Laraia (2015) and run the model with five107
different zonally symmetric configurations of Northern Hemisphere (NH) land that extends pole-108
ward from southern boundaries at various latitudes to vary the hemispheric asymmetry in thermal109
inertia. We interpret the development of monsoons as the seasonal migration of the ITCZ into110
subtropical latitudes, and we study how it is impacted, together with accompanying circulation111
changes, by changes in continental configuration. Section 2 describes the idealized GCM and sim-112
ulations used in this study, as well as the monsoon onset indices and data used for comparison to113
observations. Section 3 focuses on the seasonal cycle of precipitation in the different experiments,114
and Section 4 interprets these results using dynamical constraints. A discussion of the relationship115
of our work to previous work is included in Section 5. Finally, conclusions and future work are116
summarized in Section 6.117
2. Methods and Tools118
a. Idealized GCM119
A moist idealized aquaplanet GCM based on the Geophysical Fluid Dynamics Laboratory120
(GFDL) Flexible Modeling System (Frierson et al. 2006; O’Gorman and Schneider 2008) is used,121
which solves the primitive equations of motion on a sphere with the Earth’s radius.122
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The lower boundary of the model consists of a slab ocean, whose sea surface temperatures (Ts)123
evolve according to the surface energy budget:124
c⇢d
@Ts
@t
= Os = S
s   Ls   LH   SH  r · F0, (1)
which states that ocean heat storage Os on the left hand side, with water specific heat c, density125
⇢, and mixed layer depth d, is balanced by radiative and turbulent energy fluxes into the surface126
(with net incoming shortwave flux Ss, net outgoing longwave flux Ls, outgoing sensible SH and127
latent LH heat fluxes) and any energy flux convergence ( r · F0) by ocean currents. In our128
simulations, land and ocean only differ in the corresponding mixed layer depth d, which we choose129
as 0.2 m for land and 20 m for ocean. The surface albedo is spatially uniform and fixed at an130
Earth-like value of ↵ = 0.38. A two-stream grey radiation scheme is used where the optical131
depth is prescribed. While a diurnal cycle is not included, the GCM is forced by a seasonal132
cycle of insolation with a 360-day Julian year, using realistic Earth-like values of obliquity and133
solar constant of 23.5  and 1360 W m 2 respectively, but zero eccentricity. The GCM includes134
an active hydrological cycle, where precipitation can form by either large-scale condensation or135
convection following a simplified Betts-Miller convection scheme as in Frierson (2007). Since136
precipitation is assumed to fall out immediately, there is no liquid water or ice in the atmosphere,137
hence no clouds. With these simplifications, this GCM does not account for important climate138
feedbacks such as surface albedo, cloud, or radiative water vapor feedbacks, but nonetheless well139
resolves tropical and extratropical circulations, their mutual interactions, and their impact on the140
hydrological cycle.141
For this study, we performed five simulations with an idealized continent. The model is run with142
fully saturated NH land (d = 0.2 m) that extends poleward from southern boundaries at 0 , 10 ,143
20 , 30 , and 40  (Fig. 2a), with ocean mixed layer depth d = 20 m. One aquaplanet simulation144
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was also run with all ocean (d = 20 m everywhere). For each simulation, the ocean energy145
transport is prescribed through the ocean Q flux term in Eq. (1) following the zonally symmetric146
and time-invariant form in Merlis et al. (2013):147
r · Fo( ) =
8>>><>>>:
QNH
1
cos 
⇣
1  2 2
 NH
2
⌘
exp
⇣
  2
 NH
2
⌘
, if   > 0
QSH
1
cos 
⇣
1  2 2
 SH
2
⌘
exp
⇣
  2
 SH
2
⌘
, if   < 0.
(2)
In the all-ocean simulation, we used a symmetric setup with NH and SH ocean Q flux amplitudes148
QNH = QSH = 20 and widths  NH =  SH = 16 . For each simulation including land, QNH and149
 NH are varied (Table 1) so that the ocean heat transport (the meridional integral of the Q flux)150
approaches zero at the coastline (Fig. 2b). Every simulation was performed with T85 horizontal151
spectral resolution with 30 vertical levels and run for 20 years. Only data averaged over the last152
10 years was used in the analyses to account for the model spin up. Because land and ocean153
differ only by their mixed layer depth, the only aspect of the land-sea contrast we account for154
is the capability of the ocean to store and transport energy due to its higher thermal inertia and155
prescribed ocean Q flux.156
b. Monsoon Onset Metrics157
To quantitatively analyze the influence of continental geometry on the monsoon onset timing,158
we calculate monsoon onset using two methods that try to capture the occurrence of the rapid159
intensification of summertime tropical precipitation associated with the monsoon. One method160
identifies onset as the pentad at which the mean precipitation (averaged over 10  to 30 ) first161
exceeds its annual mean, similar to Zhou and Xie (2018) and to which we refer to as the ZX18162
index. We also calculate onset following the method described in Walker and Bordoni (2016),163
to which we refer to as the WB16 index. The WB16 index is based on detecting the change164
point of a two-phase linear regression of the cumulative moisture flux convergence (CMFC) over165
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a representative region (here taken as the latitudinal band between 0  and 30 , Fig. 5). Because166
the moisture flux convergence primarily balances net precipitation, this index detects onset as the167
time at which net precipitation switches from negative to positive (and withdrawal as the opposite168
transition).169
c. Data170
To draw comparison between monsoons simulated by our idealized experiments and observed171
monsoons, we use the Global Precipitation Climatology Project (GPCP) daily precipitation taken172
over 1997 2012. Fig. 4 shows the seasonal cycle of precipitation averaged in longitude over173
the different NH monsoons. The onset of the South Asian monsoon (SAM, Fig. 4a), the largest-174
scale of Earth’s monsoons, appears as a rapid and dramatic rearrangement of the precipitation175
patterns, with the main convergence zone shifting rapidly from the near-equatorial ocean into the176
subtropical continent. Another striking feature is the asymmetry between a rapid onset and a much177
more gradual retreat. While also featuring somewhat rapid onsets, other monsoons (Fig. 4b and178
c) do not feature the same poleward extension of the monsoonal rains and the same degree of179
asymmetry between a rapid onset and a more gradual retreat. We will try to use our experiments180
to ascribe some of these differences to differences in land-sea distribution.181
3. Seasonal Cycle182
As discussed in the Introduction, in this study we regard the monsoon as excursions into subtrop-183
ical latitudes of the ITCZ embedded within the ascending branch of the cross-equatorial Hadley184
cell. While several ITCZ metrics exist in the literature, here we identify the ITCZ as the loca-185
tion of the precipitation maximum and we examine its seasonal evolution to track the monsoon186
development. In this section, we begin by reviewing the observed seasonal cycle of the lower-187
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level horizontal winds and streamfunction, in addition to that of precipitation. Next, we compare188
the calculated ITCZ with three different ITCZ predictors based on energetic arguments to explore189
their relationship with the development of the monsoon.190
a. Temporal Structure191
Here, we characterize the seasonal cycle of tropical precipitation by tracking the location of the192
ITCZ, generally defined as the maximum in tropical precipitation, of and other related metrics to193
be described below. We recognize that one single parameter does not capture the complexity of194
the precipitation distribution (Popp and Lutsko 2017), but for the purpose of studying the trends195
discussed in this section, our metric captures the most important changes.196
The seasonal cycle of precipitation from each of the six simulations performed is depicted in197
Fig. 3 (color contours). The precipitation temporal structure in simulations with land extending198
into the tropics northward of 0 , 10 , and 20  all have a similar striking asymmetry, characterized199
by a rapid cross-equatorial jump of the ITCZ from the Southern hemisphere (SH) into the NH200
during NH spring and a slower retreat back to the SH in NH fall. The 10  simulation can be201
considered a good analog for the South Asian Monsoon: in addition to land extending polewards202
from low latitudes over a large longitudinal range in the NH and ocean in the SH, MLDs over203
the Indian Ocean north of 10-15  do not exceed 10 m in May just before monsoon onset (Walker204
2017). It is striking that a simple zonally symmetric continent with equatorward boundary confined205
within 20 degrees of the equator produces a monsoon with a rapid onset and gradual retreat similar206
to what observed in the SAM region (Fig. 4a).207
The 30  and 40  simulations look generally similar to the all-ocean aquaplanet results. In these208
simulations, the ITCZ progression is relatively smooth over the whole year, and the rapid ITCZ209
transition distinct to the monsoon is no longer observed. It is also noted that in every simulation210
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with land, there is a local maximum in precipitation over the coastline during NH summer. Further211
analysis of the fraction of precipitation due to moisture flux convergence calculated as (P E)/P ,212
where precipitation is P and evaporation is E, shows that these coastline precipitation maxima are213
primarily due to local recycling of moisture, whereas the main ITCZ band is due to moisture flux214
convergence by the large-scale overturning circulation. For example, in the 40  simulation, the215
fraction of the total precipitation that is explained by the moisture flux convergence (P   E)/P216
along the coastline does not exceed 10%, indicating the dominant role of local evaporation. In217
the 10  simulation, local evaporation in the main convergence zone plays a larger role at the be-218
ginning of the rainy season, with (P   E)/P ⇠ 30% early in the summer (May-June) compared219
to (P   E)/P ⇠ 70% during the peak of the summer. As we will show in Section 4, the corre-220
sponding circulations are also in different dynamical regimes. We recognize that these secondary221
precipitation maxima are artifacts of using a fully saturated surface in our model. Future work will222
include further steps towards realism by, for instance, limiting evaporation over land (e.g., Voigt223
et al. 2016).224
Not only does continental geometry affect the temporal symmetry of the progression of tropical225
precipitation, but also its timing. Monsoon onset, according to both indices used here, tends to226
become increasingly delayed as the southern boundary of the land is moved further poleward. For227
example, onset for the 10  and 20  simulations occurs around May, while it is delayed to around228
June for the 30  and 40  simulations. Interestingly, the timing of monsoon retreat seems to be less229
strongly influenced by continental geometry. As can be seen in Table 2, the onset dates vary over a230
span of more than two months between the simulations, with earlier monsoon onsets occurring in231
simulations with more land extending into the tropics. In contrast, the retreat dates vary over the232
span of less than one month between the simulations, all occurring in early to late October. One233
of the advantages of the WB16 index is that it reveals not only the timing of monsoon onset, but234
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also its rapidity: as seen in Fig. 5, in the simulations with southern boundary equatorward of 20 ,235
the pick up of CMFC after monsoon onset is rapid, as the circulations intensifies rapidly and so236
does the moisture flux convergence in the tropical region. In contrast, the 30 , 40 , and all-ocean237
simulations show relatively more gradual changes in the CMFC, reflective of less rapid changes in238
the circulation.239
Together with precipitation, Fig. 3 also shows the distribution of the lower-level MSE (magenta240
lines). The near-surface MSE distribution shows similar features as the precipitation distribution,241
in agreement with convective quasi-equilibrium (CQE) theories of monsoonal precipitation that242
link the ITCZ to the lower-level MSE maximum (e.g., Emanuel 1995; Prive´ and Plumb 2007a).243
The 0 , 10 , and 20  simulations show an abrupt poleward jump in the MSE maximum that coin-244
cides with the rapid ITCZ transition during NH spring. An interesting double maxima structure245
is also observed during the height of the monsoon during which time there is also a double ITCZ.246
The transition during NH fall is much more gradual. Like in the precipitation distributions, the247
near-surface MSE transitions in the 30 , 40 , and all-ocean experiments are relatively smoother.248
To explore how these precipitation patterns reflect on circulation patterns, Fig. 6 shows the249
seasonal cycles of the lower-level (  = 0.887) mass streamfunction and zonal wind. In each250
simulation, the ascending branch of the streamfunction closely follows the precipitation maximum,251
where a more asymmetric temporal structure and further poleward extent are observed in the 0 ,252
10 , and 20  simulations relative to those of the 30 , 40 , and all-ocean simulations. At monsoon253
onset in the 0 , 10 , and 20  simulations we observe a rapid intensification of the lower-level254
westerlies within the winter Hadley cell, compared to a relatively weaker and delayed onset of255
westerlies in the 30 , 40 , and all-ocean simulations. This is made more apparent in Fig. 7, where256
we show the lower-level zonal wind ulow at 15 S, the equator, and 15 N for the 10  simulation, as257
representative of the monsoon-like case, and the 30  simulation, more representative of an ocean-258
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like tropical ITCZ. Note that we will focus on these two simulations in all plots hereafter. At259
15 N, both simulations show a reversal of ulow from easterlies to westerlies during NH summer.260
However, the wind reversal is more rapid and the duration of the westerly flow much longer in the261
10  simulation than the 30  simulation. The establishment of lower-level westerly flow primarily262
results because the dominant zonal momentum budget in the boundary layer is a balance between263
the Coriolis force and friction:264
fv = u. (3)
Westerlies must hence develop whenever northward (southward) meridional flow exists in the NH265
(SH). In the 10  simulation, the rapid intensification of the summer westerlies is in fact concomi-266
tant with the rapid increase in meridional winds in the circulation lower branch and rapid growth267
in the extent of the winter Hadley cell at monsoon onset (Fig. 6, also see Fig. 9). In contrast,268
the summer westerlies in the 30  simulation do not increase in magnitude as much as in the 10 269
simulation, and also intensify later in the season, consistent with a more slowly growing winter270
Hadley cell that does not extend as far into the summer hemisphere as that in the 10  simulation.271
b. Connection Between the ITCZ and the Energetics272
Here, we explain differences in the seasonal ITCZ progression across the different simulations273
in terms of energetic constraints, and associated ITCZ predictors (e.g., Kang et al. 2008; Bischoff274
and Schneider 2014). The first ITCZ metric is the maximum in lower-level MSE (MSEmax, Prive´275
and Plumb 2007a). The other two ITCZ predictors are the energy flux equator (EFE), which is276
the latitude at which the total energy transport vanishes (e.g., Kang et al. 2008) and its analytical277
approximation (c.f., Bischoff and Schneider 2014)278
  ⇡  1
a
hvhi0
@yhvhi0
=  1
a
hvhi0
NEI0
, (4)
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where   is the displacement of the EFE off the equator, hvhi is the vertically integrated merid-279
ional MSE transport and NEI is the net energy input into the atmospheric column (equaling the280
difference between the TOA radiative fluxes and surface radiative and turbulent enthalpy fluxes).281
The subscript 0 indicates that the quantity is calculated at the equator, and a is the radius of the282
Earth. We refer to   as BS14. For the ITCZ and all three predictors, averages are taken over both283
of the solsticial seasons to see how changing hemispheric asymmetry in thermal inertia can affect284
the poleward migration of the ITCZ. Given the differences in monsoon onset and withdrawal tim-285
ing across simulations, averages for both NH and SH summers are computed over 15-pentad time286
intervals centered around the time of maximal excursion.287
Not surprisingly, continental geometry has a strong impact on the poleward extent of rainfall288
(Fig. 8), in addition to its influence on the timing of the monsoon transition. In the simulations289
with land (southern boundaries of land at 0 , 10 , 20 , 30 , and 40 ), while the magnitudes of the290
ITCZ and predictors vary slightly, they agree well on two main general trends. First, during both291
NH summer and SH summer, the poleward extent of the ITCZ decreases as the southern boundary292
of the continent is moved further poleward and the hemispheric asymmetry in thermal inertia is293
decreased. Second, in each simulation, the NH summer ITCZ tends to extend further poleward294
than the SH summer ITCZ. This asymmetry in the poleward extent between NH summer and SH295
summer decreases as the continent is moved further from the equator. For example, in the 0 296
simulation the NH summer ITCZ extends ⇠ 9  further poleward than the SH summer ITCZ. As297
the southern boundary of land is progressively moved away from the equator, for instance in the298
30  simulation, the difference between the NH summer ITCZ and SH summer ITCZ reduces to299
⇠ 1 , to then approach the same value in the 40  case. Notice how in the SAM region, there300
is a large asymmetry in the observed summertime vs. wintertime ITCZ position (Fig. 4): the301
JJA mean ITCZ extends to 17.7 , compared to the DJF mean ITCZ which only extends to -5.9 .302
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As discussed earlier, the land-sea configuration in the SAM sector is the one that more closely303
resembles the idealized simulations with larger hemispheric asymmetry, that is, with a continent304
extending to tropical latitudes. The resulting hemispheric asymmetry in NEI, therefore, results in305
a larger poleward excursion of the summertime ITCZ. In this respect, land-sea contrast matters to306
the extent it can push the ITCZ far enough off the equator, in association with Hadley circulations307
that become more strongly cross equatorial. We also note that in the majority of the simulations,308
the ITCZ predictors based on CQE theory and the energetic framework are observed further pole-309
ward than the ITCZ during solsticial seasons. This is not surprising, as these are all proxies for310
the poleward extent of strong winter, cross-equatorial circulations, rather than maximal precipita-311
tion. As the asymmetry between the winter and the summer cell increases, the region of strongest312
vertical motion, and hence precipitation, is progressively more separated from and located further313
equatorward of the poleward circulation edge (Faulk et al. 2017; Lobo and Bordoni 2020). One314
exception worth of note is the EFE during austral summer, which is found to be equatorward of315
the ITCZ in almost all simulations. This arises because the EFE leads the ITCZ, with the lead time316
increasing with the larger mixed layer depth of the ocean (Wei and Bordoni 2018) and because317
at the beginning of boreal summer, the EFE shifts quite rapidly onto the continent. Hence, the318
resulting averages give values that are equatorward of the maximal precipitation.319
Fig. 8 also shows the ITCZ and the three ITCZ predictors for the all-ocean simulation. Inter-320
estingly, the poleward extents of the NH summer and SH summer ITCZs are slightly larger than321
what is seen in the 40 . This might be because in the all-ocean simulation, precipitation maxima322
with wider latitudinal ranges but lower intensities are observed during NH summer and SH sum-323
mer relative to the those observed in the 40  simulations (Fig. 3), allowing slightly more poleward324
solsticial ITCZs.325
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From the results presented above, only the simulations with land extending from the north pole326
down to 0 , 10 , and 20  are able to reproduce the rapid cross-equatorial jump of the ITCZ and327
reversal of zonal winds characteristic of the monsoon. The energetic framework allows to interpret328
these results, at least in terms of seasonally-averaged ITCZ metrics, through the impact of the land329
masses on the interhemispheric asymmetry in net energy input into the atmospheric column. Next,330
we move to explore more closely the transitions into the summertime monsoon regime by studying331
the underlying dynamics.332
4. Role of Dynamics333
To better understand the mechanisms that drive the tropical circulation to produce seasonal cy-334
cles as observed in Section 3, we look more closely at the overturning circulation to relate its335
seasonal transitions to recent monsoon dynamical theories (Schneider and Bordoni 2008; Bordoni336
and Schneider 2008; Geen et al. 2018).337
a. Theory338
Schneider and Bordoni (2008) and Bordoni and Schneider (2008) showed that the rapidity of339
the monsoon transitions in idealized aquaplanet simulations can be explained as a switch between340
two dynamical regimes that differ in the amount of influence eddy momentum fluxes have on the341
strength of the tropical circulation. The zonally averaged steady-state zonal momentum budget in342
the upper branch of the circulation is approximately:343
(f + ⇣)v = f(1 Ro)v ⇡ S, (5)
with planetary vorticity f = 2⌦ sin , relative vorticity ⇣ =  @u/@y, local Rossby number Ro =344
 ⇣/f , and transient eddy momentum flux divergence (EMFD) S = @u0v0/@y + @u0!0/@p. Here345
we will continue to express all quantities in cartesian coordinates, even though both the model346
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and our calculations below are in spherical coordinates. As discussed in Schneider (2006), Ro is347
a measure of how far (small Ro) or close (Ro approaching 1) the circulation is from the angular348
momentum conserving (AMC) limit. In the first case, that is Ro ! 0, Eq. 5 reduces to fv ⇡ S .349
In this regime, AM contours are vertical and the mean meridional circulation v is tied to the350
EMFD. When Ro ! 1, the meridional AM gradient following the streamlines in the upper branch351
of the circulation approaches zero, and Eq. (5) becomes a trivial balance, no longer providing352
constraints on the circulation strength. In this limit, hence, the circulation responds more directly353
to the thermal forcing (Held and Hou 1980; Lindzen and Hou 1988).354
Bordoni and Schneider (2008) and Schneider and Bordoni (2008) demonstrated that this dy-355
namical framework applies well to monsoon dynamics. They found that the rapid transition of356
the ITCZ and strengthening of the winter Hadley cell characteristic of monsoons coincides with357
a switch from a dynamical regime strongly influenced by eddies to a regime where the MOC is358
close to the AMC limit. More specifically, in their simulation, a uniform lower boundary with359
low thermal inertia allows the MSE maximum, and with it the poleward boundary of the tropical360
circulation, to move rapidly off the equator. This also allows the circulation to intensify rapidly as361
it transitions to being AMC. In this section, we aim to test directly how the presence or absence362
of land in the tropics and subtropics can affect these dynamical transitions. More specifically, we363
investigate how changing the hemispheric asymmetry in thermal inertia can favor or disfavor the364
relative influence of eddies on the strength of the MOC at different times of the seasonal cycle and365
impact the rapidity of the transition.366
b. Results367
Here we focus on the 10  and 30  simulations at two representative time periods. The two368
different time periods (denoted in Fig. 3) are 20 day periods centered around two pentads (June 21369
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and September 11, respectively), which represent different phases of the monsoon development in370
the 10  simulation: the first pentad captures the initial phase, where local moisture recycling still371
contributes significantly to continental precipitation; the second pentad, instead, coincides with372
the peak of the monsoon, when the precipitation is mostly due to the moisture flux convergence373
by the broad tropical overturning circulation.374
Fig. 9 shows the total streamfunction  of the mean meridional circulation (black) and the an-375
gular momentum contours (magenta) from the 10  simulation. Prior to the monsoon transition376
in early NH summer around June 21, a single strong cross-equatorial circulation cell is not yet377
established, instead, two smaller circulation cells are observed, which may be due to the two local378
maxima in sub-cloudMSE. Note how the AM contours are not completely aligned with the stream-379
lines even in the ascending and upper branch, suggesting deviation from AM conservation. In the380
accompanying plot of precipitation and lower-level MSE, the MSE features one obvious maxi-381
mum at ⇠ 20  and a more subtle maximum at ⇠ 10  due to the low thermal inertia over land and382
faster heating over the coastline during NH spring. This double-maximaMSE structure causes two383
counterclockwise circulation cells that have precipitation maxima located at the ascending branch384
of each cell, which explains the double ITCZ structure observed in Fig. 3. By September 11, a385
strong broad cross-equatorial winter Hadley cell is established with a weaker summer Hadley cell386
located north of it. In the upper branch,  is now parallel to the AM contours and the circulation387
is in the AMC regime. This is the strong tropical summer circulation associated with the mon-388
soon. The rapid movement of the lower-level MSE into subtropical latitudes made possible by389
the low heat capacity of land (Fig. 3) allows the cross-equatorial circulation to strengthen and ex-390
pand rapidly. These rapid circulation changes allow for similarly rapid precipitation changes. We391
also note the existence of a secondary precipitation maximum, located on the summer side of the392
equator. This secondary precipitation maximum is a very common feature of cross-equatorial cir-393
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culations in both idealized and realistic simulations (e.g., Prive´ and Plumb 2007a) and, as detailed394
in Lobo and Bordoni (2020), coincides with a region where the near-surface meridional tempera-395
ture gradient changes sign. This result is consistent with the boundary layer dynamics described396
in Pauluis (2004), by which the flow must jump into the free troposphere in regions where the397
pressure gradient cannot sustain the required poleward flow.398
The results from the 30  simulation (Fig. 10) show a different picture. Around June 21, the399
cell structure is more complicated than in the 10  simulation. A counterclockwise circulation is400
still observed just south of the equator and above the coastline at ⇠ 30 , but a smaller clockwise401
circulation exists between them. The ascending branches of the two counterclockwise cells coin-402
cide with the lower-level MSE and precipitation maxima. The upper branches of the overturning403
cells cross the AM contours, which are essentially vertical. Around September 11 a broad win-404
ter Hadley cell is observed; while distortion of the AM contours from the vertical is seen, the405
circulation seems to be less efficient at homogenizing AM than that of the 10  case at the same406
time. Below we will provide further analysis to assess more quantitatively how close the circu-407
lation is in the two simulations to the AMC limit. One thing to bear in mind is that compared to408
the 10  simulation, the MOC in the 30  simulation extends over regions of larger thermal inertia,409
which prevents the lower-level MSE from adjusting as rapidly as in the 10  simulation. Hence,410
the development of a cross-equatorial cell into the summer hemisphere that approaches AM con-411
servation occurs more gradually. This suggests that EMFD influences the circulation strength for412
a longer part of the NH summer, delaying the transition into the dynamical regime where the flow413
approaches the AMC limit and preventing the circulation to grow rapidly in strength and extent. In414
this respect, monsoon-like rapid transitions cannot occur if land remains limited to higher latitudes,415
as the circulation responds more linearly to the seasonal insolation changes.416
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To further investigate the influence of eddies on the MOC, we decompose the total streamfunc-417
tion  (c.f. Schneider and Bordoni 2008) into a component associated with eddy momentum418
fluxes419
 e( , p) =  2⇡a cos 
fg
pZ
0
Sdp0 (6)
and a component associated with the mean momentum flux420
 m( , p) =  2⇡a cos 
fg
pZ
0
Mdp0 (7)
whereM is the mean momentum flux divergence and p is the pressure. Above the boundary layer421
where frictional processes can be neglected,  =  e+ m. Fig. 11 shows  e and  m (black line)422
over the EMFD (color) from the 10  and 30   simulations at June 21 and September 11. In the423
10  simulation around June 21,  m starts to dominate in both hemispheres as e starts to decrease424
in the subtropics (Fig. 11a). Around September 11 when the monsoonal circulation is broad and425
strong,  m clearly dominates globally and has strengthened since June 21 (Fig. 11b). In fact,426
 e is only dominant at around 30 S, expanding the extent of the circulation’s descending branch427
in the winter hemisphere. We note that the NH maximum in  e in the tropics is associated with428
eddy momentum flux convergence located in the upper troposphere above the  e maximum. As429
discussed in previous work, this is indicative of a source of eddy activity (Held 2000), and happens430
where the absolute vorticity gradient changes sign, a necessary condition for barotropic instability431
in the cross-equatorial cell (Pedlosky 1964). In the 30  simulation around June 21, both  e and432
 m are much weaker than those at the same time in the 10  simulation and have equal influence433
on  (Fig. 11c). Around September 11,  m dominates both hemispheres over  e (Fig. 11d).434
These results hence show how, once the winter Hadley cell becomes broad and well established,435
the influence of eddies on the strength of the circulation decreases as the MOC gets closer to the436
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AMC limit. They also demonstrate the importance of having land extend into the tropics to enable437
the transition into the AMC dynamical regime to occur on a rapid intraseasonal timescale.438
The role that land in the low latitudes plays in the rapid dynamical regime transition of the MOC439
becomes more apparent if we look at the seasonal cycle of the terms in the upper-level (  = 0.195)440
zonal momentum budget in Eq. (5) (Fig. 12) and the upper-level zonal wind uup (Fig. 13). The441
zonal mean Coriolis term fv is approximately balanced by the sum of the mean flow advection442
 (v@u/@y + !@u/@p) (note that in Eq. (5) the vertical advection term is neglected) and the443
transient eddy momentum flux convergence (EMFC)  (@u0v0/@y + @u0!0/@p). In the 10  simu-444
lation, during NH summer the poleward extent of the winter Hadley cell rapidly increases starting445
near June 21 (marked), and gradually retreats after September 11 (marked) around late September446
(Fig. 6). Simultaneously, over the entire extent of the winter Hadley cell, the magnitude of the447
zonal mean Coriolis term |fv| increases (Fig. 12a), with large negative values in the NH (f > 0)448
and large positive values in the SH (f < 0) due to the strong southward flow (v < 0) over the449
entire cell. At the same time over the winter Hadley cell, the mean flow advection (Fig. 12b)450
strongly dominates over the transient eddy flux convergence (Fig. 12c) and approximately bal-451
ances the Coriolis term. The magnitude of the mean flow advection is especially pronounced in452
the SH range of the winter Hadley cell. This coincides with a rapid intensification of the upper-453
level easterlies, which do not support westward propagating extratropical eddies (Charney 1969;454
Webster and Holton 1982), over the entire winter Hadley cell during the NH summer (Fig. 13a),455
in agreement with axisymmetric theories (c.f. Lindzen and Hou 1988). The development of the456
upper-level easterlies in a broad latitudinal range helps shield the winter cell from the eddy influ-457
ence, which in fact remains confined only to the cell descending branch in the winter hemisphere458
(Fig. 12c).459
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In the 30  simulation, this dynamical regime transition is delayed and weaker. The expansion of460
the winter Hadley cell into the NH subtropics is more gradual than observed in the 10  simulation,461
and occurs later in the season around July (Fig. 6). The circulation not only has a smoother and462
delayed transition onset, but also does not extend as far polewards as the winter Hadley cell during463
NH summer in the 10  simulation, reaching only⇠20  in the 30  simulation, compared to⇠30  in464
the 10  simulation. The effects of the delay and weakening of the transition, as well as the reduced465
poleward extent of the winter Hadley cell, are observable in the upper-level zonal mean momentum466
balance, plotted in Figs 12d, e, and f. During NH summer, the intensification of the Coriolis term,467
which is reflective of the intensification of the cross-equatorial flow, is delayed. Simultaneously,468
the mean flow advection term dominates over the transient EMFC in the balance with the zonal469
mean Coriolis term; however its relative dominance over the transient EMFC is weaker and occurs470
later in the season in the 30  simulation relative to in the 10  simulation. During NH summer,471
the upper-level easterlies within the winter Hadley cell in the 30  simulation (Fig. 13b) are also472
much weaker than those in the 10  simulation (Fig. 13a), maximimizing at 21.9 m s 1 in the 30 473
simulation, in comparison to 60.2 m s 1 in the 10  simulation. The onset of the strengthening of474
the upper-level easterlies in the NH subtropics is also delayed in the 30  simulation compared to475
the 10  simulation, occurring only around July in the 30  simulation, compared to June in the 10 476
simulation. The weakening and delay of the intensification of upper-level easterlies, as well as their477
reduced meridional extent, delay the timing and limit the latitudinal range over which the easterlies478
can effectively shield the tropical circulation from the influence of the extratropical eddies. This479
emphasizes that, while the tropical circulation eventually approaches the AMC regime in the 30 480
simulation, it does so later in the season. Overall, the seasonal cycles of the terms in the upper-level481
zonal momentum balance and uup demonstrate that having land in the tropics can influence the482
monsoon onset mainly through enabling the circulation to switch rapidly from the regime where483
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the MOC strength is tied to the extratropical baroclinic eddies to the regime where the upper-level484
easterlies strengthen and shield the MOC from the influence of the eddies and allow the circulation485
to reach the AMC limit. Tropical land is hence necessary for the development of strong monsoons486
with a rapid development in so far as it provides a lower boundary with heat capacity that is low487
enough to allow for rapid near-surface MSE adjustments that initiate the dynamical feedbacks488
described above.489
We also note that having land extend into the NH tropics and exaggerating the hemispheric490
asymmetry in thermal inertia also affects the magnitudes of seasonal mean eddy momentum fluxes491
and  , not just the intraseasonal transitions. In the seasonal cycles of transient EMFC in both the492
10  and 30  simulations in Figs.12c and f, stronger eddy momentum fluxes are observed in the493
midlatitudes during winter over land (NH winter), compared to winter over the ocean (SH winter).494
This is due to stronger meridional temperature gradients and therefore increased baroclinicity495
owing to the lower heat capacity of land surface compared to the ocean surface.496
In summary, the main differences observed between the simulations with land extending north497
of 10  versus 30  is that in the 10  case the influence of eddy momentum fluxes on the circulation498
begins to decrease earlier in the season, allowing the broadening and strengthening winter Hadley499
cell to reach the AMC limit earlier and more rapidly. This suggests that in order to have the rapid500
ITCZ transitions observed in monsoons, regions of low thermal inertia are needed closer to the501
equator to help the MOC transition from a dynamical regime where eddies strongly influence the502
circulation into the AMC regime that enables the Hadley cell to directly respond to thermal forcing503
and grow and strengthen rapidly.504
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5. Discussion505
The dynamics of rapid monsoon transitions such as the ones discussed in the previous section506
have recently been reinterpreted by Geen et al. (2018) in terms of the upper-level vorticity budget.507
In this section, we hence want to relate our results to those of Geen et al. (2018) by analyzing the508
seasonal cycle of the different terms in the vorticity budget, given by:509
@⇣
@t
=  u ·r(⇣ + f)  !@⇣
@p
  (⇣ + f)r · u+ k ·
✓
@u
@p
⇥r!
◆
. (8)
The vorticity tendency on the LHS is balanced by the of the terms on the RHS, which represent510
from left to right the horizontal advection of vorticity, the vertical advection of vorticity, vortex511
stretching, and vortex tilting. In the upper troposphere where ! is small, and hence the terms with512
! are small compared to the horizontal advection and vortex stretching terms, the zonally averaged513
vorticity budget in Eq. (8) simplifies to:514
@⇣
@t
=  v@(⇣ + f)
@y
  (⇣ + f)@v
@y
. (9)
The horizontal advection and vortex stretching terms on the right hand side of Eq. (9) through-515
out the season therefore can be thought of as tendencies of the upper-level absolute vorticity via516
changes in ⇣ (Geen et al. 2018). It is important to keep in mind that in the zonal mean the upper-517
level absolute vorticity f + ⇣ is proportional to the meridional gradient of M , hence a circula-518
tion with Ro approaching 1 implies vanishing absolute vorticity in the circulation upper branch519
(Schneider 2006; Geen et al. 2018).520
Geen et al. (2018) proposed that, at the onset of NH summer as the ITCZ crosses the equator,521
simultaneously the horizontal advection tendency becomes positive and the vortex stretching ten-522
dency becomes negative in the summer hemisphere. The combined effect of these two tendencies523
results in a latitudinally broad region of reduced magnitude of absolute vorticity that implies AM524
conservation within the tropical circulation and assists the circulation to decouple from the eddy525
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momentum fluxes and become more thermally direct. By breaking down these two tendencies526
into their dominant terms, Geen et al. (2018) were able to show that the positive horizontal advec-527
tion tendency is driven by the southward mean flow in upper branch of the winter Hadley cell in528
NH summer, which increases absolute vorticity in the summer hemisphere and decreases absolute529
vorticity in the winter hemisphere by advecting higher absolute vorticity air downgradient. The530
divergent flow in the ascending branch of the Hadley cell instead contributes a negative vortex531
stretching tendency.532
The seasonal evolution of the upper-level horizontal advection and vortex stretching tendencies533
calculated from our 10  simulation contain similarities to those described in Geen et al. (2018).534
Fig. 14 displays the seasonal cycles of the upper-level horizontal advection and vortex stretching535
tendencies at   = 0.195 (Fig. 14a, d), as well as the decomposition of each term into its dominant536
components (Fig. 14b, c, e, f). Focusing on the transition into NH summer, first we note that537
from the time the ITCZ crosses the equator before NH summer in May till the end of NH summer538
in September, from near the equator in the SH up to the winter Hadley cell poleward edge near539
25 N is a region of reduced magnitude of absolute vorticity, as the circulation becomes more540
angular momentum conserving (Fig. 14f). This reduction in the absolute vorticity results from541
the combined effect of positive horizontal advection of vorticity (Fig. 14a) and negative vortex542
stretching (Fig. 14d), whose sum is shown in Fig. 16a. In Fig. 14a, over most of the meridional543
range of the winter Hadley cell from -30  up to the coastline at 10 , the horizontal advection544
term is positive. This corresponds to the southward mean flow and positive meridional gradient545
of absolute vorticity in this region, and results in a decrease in the magnitude of the negative546
absolute vorticity in the SH. At the same time, the vortex stretching tendency is negative over547
the bulk of the NH latitudinal range of the winter Hadley cell from the equator up to ⇠ 30 548
due to the divergent flow in the circulation’s ascending branch and the positive magnitude of the549
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absolute vorticity in this region. The combined effect (Fig. 16a) is the observed reduction in550
magnitude and meridional gradient of absolute vorticity across the winter Hadley cell from May551
through September (Fig. 14f). We do note that during NH summer there is a region of negative552
horizontal advection tendency around the coastline at 10 . This results from a negative meridional553
gradient in vorticity over the same latitude observed (Fig. 14b), which is indicative of barotropic554
instability in the cell, as discussed in the previous section. However, since the positive horizontal555
advection mainly works to reduce the magnitude of negative absolute vorticity in the SH, this patch556
of negative horizontal advection at the coastline does not appear to affect the main mechanism of557
the horizontal advection and the overall reduced magnitude in absolute vorticity associated with a558
more AM conserving MOC.559
Geen et al. (2018) also suggest that monsoon regime transitions coincide with peaks in the560
horizontal advection and vortex stretching tendencies. As the ascending branch of the Hadley cir-561
culation and peak in divergent flow move polewards during NH summer, they move from a region562
with near zero absolute vorticity near the equator to a region of non-negligible absolute vorticity,563
resulting in a rapid increase in the magnitude of the vortex stretching and a negative peak in vortex564
stretching. The link between the peaks in the tendencies and the dynamical regime transition is565
observable in our 10  simulation. Peaks in the horizontal advection and vortex stretching are in566
fact observed immediately following June 21, after which the extratropical eddies’ influence on567
the MOC is weakened and the MOC transitions into a thermally driven circulation approaching the568
AMC limit. While the peaks in horizontal advection and vortex stretching in our 10  simulation569
lag the cross-equatorial jump of the ITCZ more than in the full aquaplanet simulation with 2m570
MLD in Geen et al. (2018), they do appear to coincide with the rapid dynamical regime transition571
that allows the overturing cell to grow rapidly in strength and poleward extent.572
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Fig. 15 contains the same results as in Fig. 14 but from the 30  simulation. The changes in573
horizontal advection and vortex stretching tendencies are relatively smooth and delayed compared574
to those from the 10  simulation. During NH summer, the positive horizontal advection (Fig. 15a)575
over the winter Hadley cell has a greatly reduced magnitude compared to the horizontal advec-576
tion tendency over the same latitudinal range and period in the 10  simulation (Fig. 14a). This577
results from a much weaker MOC (comparing Fig. 14c to Fig. 15c). The region of negative vortex578
stretching during NH summer also extends less polewards and is less strongly negative in the 30 579
simulation (Fig. 15d) than that in the 10  simulation (Fig. 14d). These are results of a winter580
Hadley cell in the 30  simulation that does not reach as far poleward and has weaker strength, re-581
sulting in weaker horizontal divergence (Fig. 15e). Consequently, in the 30  simulation during NH582
summer the combined effect of the horizontal advection and vortex stretching terms (sum shown583
in Fig. 16b) does not reduce the absolute vorticity in the NH subtropics (Fig. 15f) as effectively584
as in the 10  simulation (Fig. 14f), confirming the slower transition to the AMC limit in this case.585
Additionally, at the start of NH summer there are no significant peaks or rapid changes in the586
horizontal advection and vortex stretching tendencies as observed in the 10  simulation, reflect-587
ing the more slowly evolving dynamics in the simulation with land confined to higher latitudes.588
This is also apparent in the very smooth evolution of the zero contour of the absolute vorticity589
(Fig. 14f). From the perspective of the vorticity budget, the results in Figs. 14 and 15 suggest that590
having land in the tropics enables the dynamical monsoon regime transition to occur on a rapid591
intraseasonal timescale by rapidly strengthening the divergent flow of the Hadley circulation as its592
ascending branch moves polewards to regions of non-negligible absolute vorticity, to quickly in-593
crease the magnitude of the vortex stretching term, and of the horizontal vorticity advection, which594
efficiently reduce the magnitude of the absolute vorticity and decouples the circulation from the595
eddy momentum fluxes.596
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The complementary interpretations of the dynamical monsoon regime transition are tied together597
by the migration of the ascending branch of the Hadley circulation. Our analyses of both the direct598
effect of the eddy momentum fluxes on the streamfunction (Fig. 11, 12) and the seasonal evolu-599
tion of absolute vorticity (Fig. 14, 15) emphasize the importance of a significant off-equatorial600
migration of the ITCZ or ascending branch of the tropical MOC to initiate the rapid dynamical601
regime switch and monsoon onset. A more poleward migration of the ascending branch widens602
the winter cell’s poleward extent in both hemispheres and extends the region of prevalent upper-603
level easterlies within the tropical circulation into a broad latitudinal band in both the summer604
and winter hemisphere. This helps diminish the influence of the strength of the extratropical ed-605
dies originating in the winter hemisphere on the tropical circulation by shielding the circulation606
and weakening the EMFD at the cell center, and therefore enables the circulation to approach the607
AMC limit and become more thermally driven and rapidly strengthen. A more poleward migra-608
tion of the ascending branch also brings the region of strongest upper-level horizontal divergence609
to a region of higher absolute vorticity in the NH and strongest horizontal advection to a region610
of large negative magnitude of absolute vorticity in the SH, since the positive meridional gradient611
of absolute vorticity in the NH increases with latitude. This in turn increases the vortex stretching612
and horizontal advection tendencies and results in a more efficient reduction of absolute vorticity613
across the entire winter Hadley cell and therefore a more AMC circulation. Regardless through614
which interpretation, once the circulation approaches the AMC limit and becomes more thermally615
driven, the cell can grow rapidly in strength and extent through two dynamical feedbacks — 1) by616
advecting lower MSE air in its lower branch from the winter to the summer hemisphere, enabling617
the circulation to push the near-surface MSE maximum increasingly polewards and strengthen the618
temperature gradient, which by AMC requires a strengthening of the flow (Fig. 9) and 2) by also619
strengthening the upper-level easterlies in the winter hemisphere, effectively shielding the winter620
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cell from the influence of the extratropical eddies and allowing it to more closely approach the621
AMC limit and further strengthen the upper-level easterlies (Fig. 12, 13) (Schneider and Bordoni622
2008).623
It is through this key ingredient — a significant off-equatorial migration of the ascending branch624
of the Hadley circulation — that continental geometry appears to play an important role for the625
monsoon. By having more land or regions of low thermal inertia in the tropics, the distribution626
of the near-surface MSE can evolve rapidly, and the non-linear mechanisms described above help627
push its maximum far enough away from the equator into the subtropics for the circulation to grow628
rapidly in strength and extent. Only when these nonlinear mechanisms can operate on intrasea-629
sonal timescales, can a rapid monsoon onset similar to what seen in the Asian monsoon region be630
seen in our simulations.631
We would like to conclude this section with a brief remark on the temporal asymmetry between632
a rapid onset and a more gradual retreat that appears particularly evident in the simulations with633
continents extending to tropical latitudes. Such an asymmetry was already observed to occur634
in aquaplanet simulations reported by Geen et al. (2019), who attributed it to changes in SSTs635
induced by the wind-induced surface heat exchange (WISHE) feedback (Emanuel 1987; Neelin636
et al. 1987). More specifically, they argue that WISHE slows the monsoon withdrawal through637
weak low-level horizontal winds below the ITCZ, which keep the latent heat flux from the surface638
low and the SSTs warm below the ITCZ as it retreats to the winter hemisphere. Evidence of a639
slight temporal asymmetry between onset and withdrawal is also seen in the all-ocean aquaplanet640
simulation presented here. It is however clear that a large hemispheric asymmetry in thermal641
inertia of the lower boundary gives rise to a more pronounced asymmetry in the monsoon temporal642
evolution: in the presence of a continent at tropical latitudes, the lower-level MSE can adjust643
rapidly as the circulation transitions into the monsoon regime. As the circulation retreats from644
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the summer hemisphere and its ascending branch moves over the ocean, its large heat capacity645
instead prevents rapid MSE changes, hence slowing down the withdrawal phase. We believe646
that the hemispheric asymmetry in the lower boundary thermal inertia might be a more relevant647
mechanism than the WISHE feedback for the temporal asymmetry of observed monsoons, such648
as the Asian monsoon. More targeted simulations, in which for instance the WISHE feedback is649
disabled, will shed further light into these open questions.650
6. Conclusion651
Altogether, this study aims to understand how changing continental geometry can affect the652
spatial and temporal structure of the monsoonal precipitation. Five simulations are analyzed in653
an idealized aquaplanet GCM, where hemispheric asymmetry in thermal inertia is varied by us-654
ing different continental configurations with zonally-symmetric land extending polewards from655
southern boundaries at 0 , 10 , 20 , 30 , and 40  and also an all-ocean case. From studying the656
seasonal cycles of precipitation, near-surface MSE, mass streamfunction, and horizontal winds,657
we find that only the 0 , 10 , and 20  simulations with land extending into the lower latitudes have658
circulations with the temporal asymmetry in the rapid onset and gradual retreat characteristic of659
observed monsoons. By breaking down the streamfunction into eddy and mean components and660
analyzing the seasonal cycle of the upper-level zonal momentum budget, our simulations suggest661
that different continental geometry can affect the spatial and temporal structure of the circulation662
and precipitation by affecting the circulation’s ability to transition rapidly from a regime where663
the tropical circulation strength is controlled by eddy momentum fluxes to a regime where the664
strength is more directly controlled by energetic constraints. We find that having regions of low665
thermal inertia in the tropics enables this transition to occur on an intraseasonal scale; in contrast666
without land in the low latitudes, the circulation transitions are smoother and less similar to those667
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observed in the real South Asian Monsoon. This is because having land in the tropics allows the668
near-surface MSE maximum, and with it the ascending branch of the Hadley circulation, to adjust669
rapidly, allowing internal dynamical feedbacks to operate and to rectify the response to the smooth670
insolation forcing into a rapid onset.671
These insights from our study help us interpret differences in various observed monsoons. The672
idealized continental configuration used in this study is most analogous to the SAM monsoon673
region (Fig. 4a), simulating well the rapid onset and gradual retreat of the monsoon, along with674
solsticial ITCZs extending into the subtropics. We can also gain useful insight into the factors675
responsible for the monsoonal precipitation onset and spatial distribution by contrasting our ide-676
alized zonally symmetric simulations with other monsoon regions. For example, while the NAM677
(Fig.4b) exhibits somewhat rapid monsoon onset, its summertime tropical circulation does not678
migrate as far poleward as that in the SAM region. While the continent in this region does ex-679
tend into the tropics, it is very longitudinally confined, resulting in much less landmass within680
the tropics than in the SAM region. In agreement with our study’s conclusion, this might prevent681
the development of a large-scale monsoon with an ITCZ capable of migrating significantly off682
the equator. Our results might also explain why the NAM lacks a well-defined cross-equatorial683
flow and overturning circulation, and why the QE relationship between maximal precipitation and684
maximal lower-level MSE does not hold in this monsoon region (Nie et al. 2010). The NAF mon-685
soon (Fig. 4c) merits different considerations: while the NAF region does feature a longitudinally686
extended continent centered around the equator, its continental precipitation zone does not extend687
as far poleward as our simulations would suggest. As discussed in Chou and Neelin (2003), this688
is due to high surface albedo over northern Africa, which prevents convection to occur there by689
reducing the net energy input into the atmospheric column. Contrast between land and ocean due690
to factors other than surface thermal inertia, such as land hydrology and albedo, clearly plays an691
31
important role in determining important features of the observed monsoons and warrants further692
investigation.693
That said, that experiments with such idealized physics and configuration can replicate important694
features of the observed large-scale monsoons suggests the robustness of the underlying dynamics.695
It is however important to further highlight the limitations in our study. First, in our simulations696
even land surfaces are completely saturated. In fact, at the beginning of the warm season, our sim-697
ulations feature continental precipitation that is primarily driven by local evaporation, rather than698
moisture flux convergence. This is of course an artifact of our choice of a saturated continent and699
would be prevented to occur if a more realistic land surface hydrology scheme were used. Other700
limitations include the absence of important radiative feebacks, such as those associated with water701
vapor and cloud feedbacks, and, as discussed earlier, the lack of albedo contrast between land and702
ocean, and any zonal asymmetry. Additionally, we prescribe a zonally symmetric OHT, that ne-703
glects possible seasonality in the amplitude and direction of OHT in response to changing surface704
wind (Kang et al. 2018; Lutsko et al. 2019). Future work will be aimed at progressively including705
these effects, bridging the gap between our idealized simulations and those with comprehensive706
Earth System Models and observations.707
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TABLE 1. Q flux amplitudes and widths used for each simulation.
Q flux Parameters
Simulation QNH  NH QSH  SH
0  0 5  20 16 
10  4 5  20 16 
20  4 7  20 16 
30  4 12  20 16 
40  4 12  20 16 
Ocean 20 16  20 16 
39
TABLE 2. Dates of monsoon onset and retreat, as calculated in Walker and Bordoni (2016)
.
Simulation Onset Retreat
0  May 1 October 11
10  May 6 October 16
20  May 26 October 16
30  June 11 October 16
40  June 11 October 21
Ocean July 16 October 21
40
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FIG. 1. Annual mean precipitation calculated from Global Precipitation Climatology Project monthly long-
term mean precipitation from 1981 2010 (color). Various monsoon systems around the world (stipple) where,
using only regions with local mean summer (May-September) precipitation exceeding local mean winter
(November-March) precipitation by at least 2.5 mm per day, the local summer precipitation exceeds 55% of
annual total.
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FIG. 2. Model setup: (a) schematic of continental configuration for the 10  simulation, where land has a
mixed layer depth of 0.2 m and (b) the ocean Q flux distributions for each simulation.
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FIG. 3. Seasonal cycle of simulations with southern boundaries of land at 0 , 10 , 20 , 30 , and 40  and
the all ocean aquaplanet case. Color contours indicate precipitation (contour interval 2 mm day 1). Magenta
contours indicate near-surface MSE taken at   = 0.887 (contour interval 8 ⇥ 103 J kg 1). The equator is
marked in a solid horizontal black line and the southern boundary of land from each simulation is shown in a
dotted horizontal black line. The dashed vertical lines mark June 21 and September 11, used in the analysis for
Figures 9, 10, and 11. The black x’s indicate monsoon onset as calculated in Zhou and Xie (2018), while the
black plus signs indicate monsoon onset as calculated in Walker and Bordoni (2016).
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FIG. 4. GPCP daily precipitation seasonal cycle, with climatological mean taken over 1997 2012 and zonal
mean taken over from top to bottom: a) the South Asian Monsoon (60 E   100 E), b) the North American
Monsoon (180 W   60 W), and c) North African Monsoon (30 W   60 E). Precipitation contour interval is
1 mm day 1). The black cross indicates the time when the precipitation averaged from 10  to 30 N exceeds its
annual mean, as in Fig. 3.
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FIG. 5. Cumulative moisture flux convergence normalized by the minimum for each simulation from which
the monsoon onset and retreat indices are calculated as in Walker and Bordoni (2016). Resulting monsoon onset
(dashed) and retreat (dotted) indices are listed in Table 2.
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FIG. 6. Seasonal cycle of the lower-level mass streamfunction and zonal wind from simulations with southern
boundaries of land at 0 , 10 , 20 , 30 , and 40  and the all ocean aquaplanet case. Color contours indicate
lower-level (  = 0.887) zonal wind (contour interval 2 m s 1). Black contours mark the lower-level mass
streamfunction  low (counterclockwise in solid, clockwise in dashed with contour interval 40 ⇥ 109 kg s 1,
zero contour in bold). The equator, southern boundary of the continent, and June 21 and September 11 are
marked as in Fig. 3.
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FIG. 7. Lower-level (  = 0.887) zonal wind ulow for the simulations with land extending poleward from
southern boundaries at 10  (blue) and 30  (red). The winds are calculated at 15 S (top), at the equator (middle),
and at 15 N (bottom).
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FIG. 8. NH summer (filled circles) and SH summer (open circles) ITCZ position (red), near-surface MSE
maximum (blue), EFE (green), and first-order estimate of EFE from BS14 (purple).
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FIG. 9. )(Top) Total streamfunction  in black (counterclockwise in solid, clockwise in dashed with contour
interval 20⇥ 109 kg s 1) and angular momentum contours in magenta (contour interval ⌦a2/15) and (bottom)
precipitation (blue) and near-surface (  = 0.887) MSE distribution (red) from the 10  simulation.
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FIG. 10. Same as in Fig. 9 from the 30  simulation.
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FIG. 11. Decomposition of the total streamfunction  into eddy  e (left column) and mean  m (right
column) momentum flux components from simulations with southern boundaries of land at 10  (a, b) and 30 
(c, d) at June 21 (top) and September 11 (bottom).  e and  m are in black contours (counterclockwise in
solid, clockwise in dashed with contour interval 20 ⇥ 109 kg s 1). The eddy momentum flux divergence is
calculated as  r · (psu0v0  cos )/ps, where ps is the zonal and temporal mean surface pressure, (·)
 
is a
surface pressure-weighted zonal and temporal mean along sigma surfaces, and (·)0 indicates deviations from the
mean, and shown in color contour (contour interval 4⇥ 10 6 m s 2). The NH and SH maxima in both  e and
 m are given in 109 kg s 1 and marked by the arrows.
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FIG. 12. Seasonal cycle of the terms in the upper-level (  = 0.195) zonal momentum budget in Eq. (5):
(a) zonal mean Coriolis term fv, (b) mean flow advection  (v@u/@y + !@u/@p), and (c) transient eddy
momentum flux convergence (@u0v0/@y+@u0!0/@p) from the 10  simulation with contour interval 1.5⇥10 5
m s 2, and same terms: (d), (e), and (f), respectively from the 30  simulation with contour interval 0.5⇥10 5 m
s 2. Vertical dashed lines mark June 21 and September 11 and the horizontal dotted line represents the continent
southern coastline.
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FIG. 13. Seasonal cycles of upper-level (  = 0.195) zonal wind uup (contour interval 7 m s 1) from the (a)
10  and (b) 30  simulations. Vertical dashed lines mark June 21 and September 11 and the horizontal dotted line
represents the continent southern coastline.
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FIG. 14. Seasonal cycle and decomposition of terms in the vorticity budget in Eq. (8) from the 10  simulation
at   = 0.195: (a) u ·r(⇣+ f) (contour interval 0.06 day 2), (b) @(⇣+ f)/@y (contour interval 0.1⇥ 10 10
m 1 s 1), (c) v (contour interval 0.6 m s 1), (d)  (⇣ + f)r · u (contour interval 0.06 day 2), (e) r · u
(contour interval 0.04 day 1), and (f) ⇣ + f (contour interval 0.2 day 1). Vertical dashed lines mark June 21
and September 11 and the horizontal dotted line represents the continent southern coastline.
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FIG. 15. As in Figure 14, but from the 30  simulation and contour intervals: a) 0.03 day 2, b) 0.1 ⇥ 10 10
m 1 s 1, c) 0.3 m s 1, d) 0.03 day 2, e) 0.02 day 1, and f) 0.2 day 1.
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FIG. 16. Total vorticity tendency (sum of the vortex stretching and horizontal advection tendencies from Figs
14 and 15, contour interval 0.06 day 2).
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